R esection or functional disconnection of the TPO lobes to treat intractable epilepsy has been reported, but the surgery constitutes less than 5% of epilepsy surgeries in children. 13 Most reports describe patients in whom clinical and neurophysiological data were congruent with posterior quadrant abnormality on MR imaging or PET, and in those patients, the seizure and developmental outcomes were encouraging. 3, 4, 6, 10, 18 Here, we describe the largest reported group of children undergoing TPO resection and disconnection, including children with generalized electroclinical features and children with no definite epileptogenic lesion. We report preoperative and postoperative electroclinical, developmental, and imaging status in these children and assess factors predictive of surgical outcome. We also review the literature on this motor-sparing, multilobar surgical approach and consider appropriate indications. Object. Temporoparietooccipital (TPO) disconnection is described mainly in children with diffuse posterior quadrant lesions and concordant electroencephalography (EEG) findings. The authors report on 16 children who underwent TPO surgery, including 4 with no definite epileptogenic lesion and 8 with generalized electroclinical manifestations.
Methods
Sixteen children underwent combined TPO surgery for intractable epilepsy between December 1998 and March 2010 at the Royal Children's Hospital, Melbourne. Children who had hemispheric procedures or additional frontal lobe surgery were not included. Children with tuberous sclerosis who had tuberectomies in the TPO lobes were also excluded. Long-term video and scalp EEG monitoring was performed in all children. Interictal awake and asleep EEG recordings were examined for background abnormalities and epileptiform activity. Video-EEG recordings of seizures were reviewed for seizure characterization and localization, with particular attention paid to clinical and EEG asymmetries and asynchronies in patients with epileptic spasms and tonic seizures. All children underwent high-resolution MR imaging at 1.5 T (16 children) and 3 T (5 children) with T1-weighted, T2-weighted, and FLAIR sequences acquired or reformatted in axial, coronal, and sagittal planes. Nine children underwent ictal and interictal SPECT, and 9 children underwent interictal FDG-PET.
Assessment of development, language, cognition, and/or adaptive functioning was performed in all children by pediatric neurologists and a pediatric neuropsychologist before surgery, using the Bayley scale of infant development for 2 children, Wechsler intelligence scales for 4 children, and VABS for 14 children, depending on the child's age and abilities. Postoperative psychometric assessments were performed in the 7 younger children; in the remaining children, development and cognition were determined from observation and parental reports.
Temporoparietooccipital surgery was offered on the basis of the patients having seizures that were refractory to medication, having focal seizures with unilateral TPO onset or generalized seizures with asymmetrical clinical or EEG features to suggest a focal basis in the TPO region on 1 side, having a unilateral posterior quadrant lesion on MR imaging or functional imaging abnormality in the TPO region on 1 side, and not being a hemispherectomy candidate, that is, not having a significant hemiparesis and hemispheric lesion.
Surgery comprised either anatomical posterior quadrantectomy in some patients who had a previous temporal lobectomy, or TPO disconnection in patients who had previously not undergone surgery. Temporoparietooccipital disconnection was performed via a periinsular approach, similar to that described by Daniel et al. 6 Prior to dissection, the postcentral sulcus was identified by correlating gyral and venous landmarks from the exposed cortex with 3D surface reconstructions of the patient's MR image. 2, 19, 24 In 1 child with an unusual sulcal configuration, somatosensory evoked potential monitoring was used to confirm localization of the sulcus. The parietal lobe was disconnected through the postcentral sulcus to the circular sulcus laterally at the level of the sylvian fissure. The disconnection was continued medially to the splenium and across the medial occipital lobe and hippocampal tail. The superior temporal gyrus was resected back to the circular sulcus, and the disconnection continued anteriorly through the temporal stem to include the amygdala and hippocampal head. Resection or biopsy specimens from at least 1 area, most commonly the superior temporal gyrus, were available for review in all but 1 patient. Statistical analysis was performed using 2-tailed Fisher exact test. This study was approved by the human research ethics committee of The Royal Children's Hospital.
Results

Clinical Characteristics
Results are summarized in Table 1 . The 16 children (7 boys) ranged in age from 4 weeks to 2 years at seizure onset (median 5.5 months). Etiologies included neurocutaneous syndromes in 6 children and a significant perinatal ischemic insult in 1 child.
All children were neurologically normal at birth, but developmental delay was evident before onset of seizures in 7 children. All children had slowing, arrest, or regression of development at the time of seizure onset or seizure worsening. At surgery, all children had developmental delay or intellectual disability of mild to severe degrees. Including the 2 infants, 10 children had no meaningful language (Cases 1, 2, 3, 4, 7, 8, 9, 10, 13, and 16), 3 had mostly single words or 2-3-word utterances (Cases 5, 14, and 15), and only 3 were able to converse in limited sentences (Cases 6, 11, and 12). One child had hemiplegia, 2 children had a very mild hemiparesis, and 2 older children had spastic quadriplegia and were nonambulatory (Cases 8 and 9). In children who could cooperate, 8 demonstrated a clinically insignificant, subtle hemianopia on confrontation testing.
The presenting seizure types were epileptic spasms in 11 children, partial seizures in 4 children, and tonicclonic seizures in 1 child. Ten children subsequently developed other seizure types including atonic (3 children), tonic (7 children), tonic-clonic (1 child), myoclonic (1 child), and atypical absence (3 child) seizures. At the time of surgery, 8 children had an SGE with only tonic seizures, myoclonic seizures, or epileptic spasms, or a combination of these. Eight children had symptomatic partial epilepsy with classic complex partial seizures or secondarily generalized seizures; 4 children also had spasms and tonic seizures. All had medically refractory epilepsy and multiple daily seizures. The number of anticonvulsants tried ranged from 3 to 14.
Electroencephalography and Video-EEG Findings
Initial EEG studies showed generalized hypsarrhythmia in 6 infants, unilateral burst-suppression in 2 infants, and a variety of unilateral or bilateral IEDs in the others. Before surgery, the unilateral burst-suppression pattern seen in the 2 infants persisted, although IEDs were seen more diffusely over both hemispheres. Four children had unilateral IEDs that were maximal over the posterior quadrant. Ten children had multifocal or frankly generalized IEDs, including 4 who had generalized slow spike wave and paroxysmal fast activity in sleep, which is typical in Lennox-Gastaut syndrome. Despite the generalized EEG abnormalities in these 10 children, persistent focal background slowing and focal prominence of epilepti- form activity over time was identified in 5 and 6 children, respectively. Seizure types recorded during preoperative video monitoring included epileptic spasms (10 cases), tonic seizures (7 cases), myoclonic jerks (1 case), and partial seizures (7 case). Epileptic spasms were symmetrical in 6 children and asymmetrical in 4, and were associated with tonic seizures in 5 children and partial seizures in 5. The epileptic spasms were associated with high amplitude, diffuse, slow or midline sharp-slow activity with superimposed paroxysmal fast activity, this paroxysmal fast activity consistently leading from 1 hemisphere in 5 children (Fig. 1) . Tonic seizures were associated with diffuse low voltage fast activity and did not provide localizing information. Classic partial seizures recorded in 7 children consisted of visual auras (in 2 cases), behavioral arrest (in 6 cases), head or eye version (in 3 cases), automatisms (in 3 cases), focal or lateralized clonic jerking (in 2 cases), focal or lateralized ictal paresis (in 1 case), and an ictal asystole (in 1 case). Focal ictal rhythms were seen in 5 of these children; 2 others displayed a change in background activity only.
Anatomical and Functional Imaging Findings
Twelve children had epileptogenic lesions on MR imaging. Six children had a unilateral posterior quadrantic dysplasia of varying severity, including 3 with hemihemimegalencephaly, 4 seen on MR imaging as a mildly enlarged and markedly dysmorphic posterior hemisphere with multiple areas of heterotopia and abnormal sulcation, confined to the temporal, parietal, and occipital lobes, sparing the postcentral gyrus and frontal and insula lobes (Fig. 2) . Other epileptogenic lesions on MR imaging included angiomatosis in 2 children, hippocampal sclerosis in 2 children, cystic encephalomalacia in 1 child, and a complex pattern of porencephaly with ulegyria, intracranial cyst, and angiomatosis in 1 child with Haberland syndrome; these abnormalities were confined to the TPO region on 1 side. Four children had no definite epileptogenic lesion on MR imaging. There were subtle, unilateral areas of slightly increased white matter signal on FLAIR or T2-weighted images in 2 children and regions with an unusual confluence of sulci in the TPO region in 1 child; both were seen in 1 child.
Moderate to marked unilateral glucose hypometabolism was seen on FDG-PET over the TPO region in 5 children with epileptogenic lesions and 1 without. Two children without epileptogenic lesions showed subtle unilateral TPO glucose hypometabolism, and 1 showed asymmetrical bilateral TPO glucose hypometabolism. Normal frontal metabolism was confirmed by FDG-PET in all children in whom it was performed. Ictal SPECT was performed during a cluster of epileptic spasms in 5 children and during a partial seizure in 4 children. Increased ictal CBF relative to interictal CBF was present in the TPO region in 4 of 6 children with epileptogenic lesions and 2 of 3 without.
Localization and Surgery
Of the children with epileptogenic lesions on MR imaging, 8 had concordant video-EEG evidence of focal- * AEDs = antiepileptic drugs; DD = developmental delay; ES = epileptic spasm; FSIQ = full scale intelligence quotient; FU = follow-up; HM = hemimegalencephaly; HS = hippocampal sclerosis; ID = intellectual disability; MCA = middle cerebral artery; myo = myoclonic; NA = not available; NF1 = neurofibromatosis Type 1; PO = parietooccipital; rCBF = regional CBF; SF = seizure free; T = temporal; TO = temporooccipital; TP = temporoparietal; VABC = Vineland Adaptive Behavior Composite; WM = white matter; ↓ = decreased; ↑ = increased. † Age is in years, unless specified otherwise. ‡ The VABC score was based on parent/caregiver rating, hence the discordance between the clinical impression of mild developmental delay and the VABC score.
ity (albeit with additional generalized EEG changes), 5 had concordant PET, and 4 had concordant SPECT findings. The children without definite epileptogenic lesions had subtle MR imaging findings (described previously), subtle ictal EEG lateralization, subtle FDG-PET hypometabolism, or subtle SPECT findings, all of which were concordant and seen unilaterally or asymmetrically in the eventually operated TPO region. In summary, there were 2 groups of surgically treated patients, a posterior quadrantic lesional group with concordant functional data, and a nonlesional group with functional data pointing to the posterior quadrant on 1 side, the functional data often being subtle and the seizures not necessarily classic focal seizures. Only 1 child, early in the series, underwent extraoperative subdural EEG monitoring. A more restricted focus and resection was anticipated, but the results confirmed that the epileptogenic zone extended throughout the TPO region. The reasons for avoiding extraoperative subdural EEG monitoring in the remainder of the patients reported here were several and varied, some technical and some pragmatic. Those reasons included 1) the concordance of subtle scalp EEG and imaging abnormalities on the presurgical evaluation; 2) the likelihood of a multilobar epileptogenic zone (as suggested by the PET, MR imaging, and background EEG abnormalities) rather than an occult localized epileptogenic zone; 3) the anticipation that subdural EEG monitoring would similarly show widespread, nonlocalized EEG abnormalities or fail to localize seizures due to spatial sampling issues despite the possibility of a focal basis for seizures; 4) the minimal risk from multilobar TPO surgery of language and motor deficits, given the nature of the lesions and the degree of preexisting developmental delays; 5) the greater likelihood of seizure freedom with a multilobar procedure than a localized resection prompted by a subdural EEG finding; and 6) the added risks, costs, and delays associated with sub- dural EEG monitoring, issues common to many epilepsy surgery centers. However, it should be noted that these patients do not represent all patients with posterior cortex epileptic syndromes treated at our center, many of whom underwent localized lesionectomies and corticectomies, some with prior intracranial EEG localization and cortical stimulation.
Temporoparietooccipital surgery was performed between age 10 weeks and 17.9 years (median 6 years). Nine surgeries were left-sided. Five children had previously undergone a temporal lobe resection, with or without occipital lobe resection, leading to only temporary seizure freedom or seizure reduction. Temporoparietooccipital surgery was completed in these 5 children by parietooccipital resection in 2 and parietooccipital disconnection in 3. Eleven children underwent functional TPO disconnection as described. The 2 youngest infants required reoperation to complete the disconnection, which was unintentionally incomplete in one and intentionally staged in the other 13 and 5 months, respectively, after the initial surgery. Both initial surgeries were followed by periods of seizure control, developmental advancement, and contralateral EEG normalization before deterioration prompted the second surgery. There were no intraoperative or postoperative surgical complications. Postoperative MR imaging (available in 14 children) showed complete resection and disconnection (Fig. 3 ) in all but 3 children who had undergone prior temporal surgeries and in the 2 infants who underwent subsequent reoperation. The areas incompletely disconnected were either a small piece of superior parietal lobule posterior to the postcentral gyrus, a small piece of superior temporal gyrus connected to the temporal stem, or the mesiotemporal-frontal connection in the staged surgery. Histopathological examination showed the expected findings in the lesional cases. In the children with no epileptogenic lesion on MR imaging, the histopathological findings were normal in 3 or showed nonspecific changes in 1.
Seizure and Developmental Outcome
The children underwent follow-up for at least 12 months (range 12-114, median 44, mean 52 months). At last review, and following the repeat procedure in the 2 infants who underwent reoperation, seizure outcome was Engel Class I in 9 children (56%), Class II in 1 child (6%), Class III in 4 children (25%), and Class IV in 3 children (19%). Focal background slowing on scalp EEG was the only favorable prognostic factor for seizure freedom (p = 0.03). Surgery performed at age 3 years or younger showed a trend toward a greater likelihood of being seizure free. Neurocutaneous syndromes, age at seizure onset, type of seizures, focal or regional interictal epileptiform discharges or ictal onset, FDG-PET hypometabolism, ictal SPECT hyperperfusion, presence of definite epileptogenic lesions on MR imaging, and complete TPO resection/disconnection were not statistically significant predictors of seizure freedom.
Of the 7 children who were not seizure free, 5 achieved significant and worthwhile reduction in seizures (including the patient in Case 7 who had evidence of seizures arising from the ipsilateral frontal lobe on postoperative assess- ment), such that further disconnective surgeries or resections were not indicated. Two of the 7 children have since had subsequent vagal nerve stimulator insertion (Cases 10 and 14).
All parents and caregivers reported improvements in behavior, temperament, and overall functioning, and sometimes acquisition of new development skills, but these were not always supported by objective assessments. Developmental acceleration, defined as developmental gains or dramatic improvement in abilities at a greater than expected rate from previous development, for example, from nonambulatory to ambulatory or an increase in Vineland standard scores, was seen in 3 children. Developmental progress, defined as developmental gains at the previous rate or unchanged or stable Vineland standard scores, was observed in 4 children. Seven children did not show any significant change in their development, language, or thinking, including all 5 children 15 years of age and older at the time of TPO surgery. Three children who were capable of cooperating with testing had evidence of a new hemianopia. All adapted to their hemianopia and none reported change in their functional abilities. No child had regression of language or a new motor deficit.
Illustrative Cases
Case 2 (lesional)
This girl presented at 6 weeks of age with focal seizures characterized by abnormal ocular movements, truncal automatisms, and right hemidystonia followed by asymmetrical epileptic spasms. Video-EEG monitoring showed left posterior quadrant burst-suppression pattern and independent IEDs over the right hemisphere and left frontal region (Fig. 4) . The recorded focal seizures correlated with cessation of the burst suppression pattern followed by a brief alpha-theta recruiting rhythm over the left temporal region, while epileptic spasms correlated with high amplitude, periodic sharp-slow discharges in the left occipital and left mid temporal region. Magnetic resonance imaging showed cortical dysplasia involving the left occipital, temporal, and parietal lobes, with characteristics of hemihemimegalencephaly (Fig. 2) . The patient underwent a left TPO disconnection at age 5 months; however, her seizures persisted and had similar clinical and ictal EEG characteristics. Postoperative MR imaging revealed a small white matter connection in the superior parietal lobule, overlying the ventricle. This was disconnected at age 18 months and she has been seizure free for 23 months, is off all medication, and shows developmental progress.
Case 13 (nonlesional)
This girl presented at 2 years of age with head drops, tonic seizures, and global developmental regression (she stopped speaking and regressed in her motor skills), on a background of mild developmental delay. Video-EEG monitoring showed intermittent focal slowing over the left temporal region and bisynchronous spike-wave activity in the central and posterior regions when awake, and generalized spike-wave, paroxysmal fast activity, and electrodecrements when asleep. Epileptic spasms and brief tonic seizures were associated with midline slow waves with superimposed fast activity. Magnetic resonance imaging revealed abnormal sulcation diffusely through the left hemisphere, most notably at the back of the sylvian fissure. An FDG-PET study revealed subtle hypometabolism in the left temporal, parietal, and posterior frontal regions (Fig. 5) . Following lengthy deliberation, a left TPO disconnection was favored over left hemispherectomy, primarily to preserve motor function. The patient became seizure free after surgery, and she showed remarkable developmental acceleration (14-point increase in Vineland standard scores) with development of language and school learning abilities. Postoperative EEG showed epileptiform activity confined to the disconnected region (Fig. 6) . 
Discussion
We reviewed our experience with TPO resection and disconnection in children with refractory epilepsy. Previous TPO surgery series focused on patients with focal, lesional epilepsy in whom clinical, EEG, and imaging data were robust and congruent.
3, 4, 6, 10, 18 We have expanded this literature by reporting successful TPO surgery in children with generalized seizures (epileptic spasms and tonic seizures) and generalized EEG disturbances, as well as children without definite epileptogenic lesions on MR imaging. To our knowledge, this is the largest TPO disconnection series published to date, incorporating detailed and objective postoperative assessments of seizures and developmental outcomes.
The proportion of children who were seizure free or who had significant (≥ 50%) seizure reduction in our series was 56% and 31%, respectively. Good seizure outcome following TPO surgery has been reported by other groups, with seizure freedom ranging from 50% to 92% (Table 2 ). In our series, focal or regional background slowing on scalp EEG was a prognostic factor for favorable seizure outcome. Other posterior cortex surgical series suggest early onset of seizures, shorter duration of epilepsy, normal neurological examination, ipsilateral spikes, presence of a well-circumscribed lesion on preoperative MR imaging, resection limited to the lesion, completeness of resection, and tumor or dysplastic pathologies to be associated with a more favorable outcome. 5, 9, 14, 21 In our series, the greatest developmental progress was in children 5 years of age and younger. In this age group, development proceeded at a normal rate in 5 children, including 1 who had persistent seizures, and at an accelerated rate in 2 children. The acquisition of new motor skills and language by these children postoperatively provided compelling evidence for the benefits of surgery and mirrored those gains seen following resection in infants and young children generally. 1, 3, 8, 22, 23 In the children who underwent surgery at an older age, parents and caregivers typically reported improvement in behavior, temperament, and overall functioning, even in some patients who continued to have seizures. These reports, however, were not corroborated by improved objective assessments when performed. Emerging data for temporal and extratemporal surgery in children (outside the infant age group) reported similar conclusions, in that no significant developmental or intellectual changes were noted in the majority of studies. 16 These children seem to function better at a day-to-day level as they are able to access and use their existing skills more effectively, partly related to reduced seizure burden and medication. Such changes may be better quantified with behavioral, quality of life, or family functioning scales.
Eight children in our series, 4 with definite epilepto- genic lesions on MR imaging, had an electroclinical pattern of SGE, with seizures characterized by generalized tonic, myoclonic, and spasm manifestations, associated with generalized epileptiform abnormalities on EEG; we did not consider children with epileptic spasms alone to have SGE. Acceptance of the benefit of surgery for patients with generalized seizures and EEG abnormalities is increasing. Gupta et al. 12 reported on 10 children ranging in age between 4 and 16 years with focal lesions but exclusively generalized and multiregional interictal and ictal EEG abnormalities who became seizure free or had significant improvement following mostly multilobar resections or disconnections. Children with LennoxGastaut syndrome with or without definite MR imaging lesions are also reported to benefit from resective or disconnective surgeries. 17, 20 Successful surgery for patients with SGE is similarly reported in children with hypothalamic hamartoma 11 and with tuberous sclerosis complex. 15 The exact mechanism explaining such observations is not known, but reversible secondary epileptogenesis and maladaptive neuroplasticity have been proposed. 11, 12 Functional disconnection of the temporal, parietal, and occipital lobes evolved from functional hemispherotomy, in which there is minimal removal of brain tissue and preservation of the arterial and venous supply to the disconnected cortex. The potential benefits of this approach include reduced blood loss, shorter hospital stay, and fewer long-term complications such as hemosiderosis and hydrocephalus. 7 The main disadvantages of the technique are the risk of incomplete disconnection and limited histopathology. Our patients with incomplete disconnection had seizure recurrence following varying periods of seizure freedom; 2 patients became seizure free following reoperation. The risk of incomplete disconnection was higher in infants and in those who had undergone prior temporal lobectomies.
Our surgical technique is similar to the periinsular posterior quadrantectomy described by Daniel et al. 6 We use the postcentral sulcus to define the line of parietal disconnection laterally and follow this line medially to the splenium. The identification of the postcentral sulcus in dysplastic hemispheres can be difficult. We find gyral maps from 3D surface reconstruction of MR imaging more useful than intraoperative neuronavigation, particularly in infants who are unable to have their heads fixed in position. The central and postcentral sulci are identified by consistent landmarks and translated to the gyral map. 2, 19, 24 At the superior aspect of the disconnection, there was a consistent bridging gyrus entering the postcentral gyrus, and failure to recognize this led to a more posterior disconnection at the midline.
The degree of posterior callosotomy was determined by the medial line of disconnection, with this line often being at the posterior limit of the splenium. As described by Daniel et al., 6 the remainder of the disconnection through the temporal lobe was guided by anatomical landmarks to include resection of the superior temporal gyrus to the circular sulcus and then disconnection of the medial temporal structures through knowledge of ventricular anatomy. This medial disconnection was more difficult in patients with small ventricles, particularly in performing the posterior hippocampotomy. In 1 infant, this led to staging of the procedure as the degree of retraction of the cortex and subsequent swelling led to inadequate vision for this part of the disconnection. The presence of a previous temporal lobectomy did not preclude parietal disconnection, being equivalent to the functional posterior quadrantectomy of Daniel et al., 6 although more often incomplete.
Conclusions
Temporoparietooccipital disconnection is the treatment of choice for infants and children with refractory epilepsy and posterior quadrantic epileptogenic lesions. It is a motor-sparing procedure behind the postcentral gyrus and does not add further deficit in children who have preexisting hemianopia. It is also a pragmatic approach to intractable epilepsy in a child with regionalized but imprecisely localized posterior quadrant seizures on EEG and functional imaging, or in a child with a poorly defined posterior cortex lesion, particularly in infants and young children with developmental delay and little risk of language or learning deficit. In this specific context, TPO disconnection increases the likelihood of isolating the epileptogenic region and provides an alternative to intracranial EEG monitoring.
